We have isolated mutations in the gene Drosophila methionine aminopeptidase 2 (DMAP2), which encodes a homolog of the type 2 methionine aminopeptidase from yeast, also known as the eukaryotic initiation factor 2a (eIF2a) associated protein p67. Weak DMAP2 mutations cause ommatidial rotation defects and loss of ventral tissue in the compound eye as well as extra wing veins, whereas stronger alleles impair tissue growth. These limited phenotypes, in conjunction with the differential accumulation of DMAP2 transcripts throughout embryonic and larval development, suggest that a subset of proteins is spatially and temporally regulated at the level of post-translational processing or translation initiation during development. These results provide genetic evidence for post-transcriptional control in the development of multicellular organisms.
Introduction
Methionine aminopeptidase catalyzes the removal of the amino-terminal methionine of a polypeptide chain, an important post-translational modification of many proteins in eukaryotes. Amino-terminal myristoylation requires the removal of this initial methionine and has been shown to affect the function of many proteins, including protein kinases (e.g. Src), protein phosphatases (e.g. calcineurinB), and proteins involved in the regulation of protein secretion such as ADP-ribosylation factors (Aitken et al., 1984; Kamps et al., 1985; Sewell and Kahn, 1988) . Another key role for amino-terminal methionine removal is the regulation of protein stability and turnover according to the N-end rule (Varshavsky, 1997) .
Methionine aminopeptidase (MetAP) is an essential enzyme in both prokaryotes and eukaryotes. E. coli possesses a single gene for MetAP, which is required for viability (Chang et al., 1989) . The budding yeast S. cerevisiae has two related proteins, MetAP1 and MetAP2, which show limited substrate specificity in vitro (Li and Chang, 1995a) . However, each enzyme contains a domain thought to be involved in protein-protein interactions, which may confer substrate specificity in vivo as a result of different subcellular localization. MetAP1 has two zinc finger motifs which are required for complete activity in vivo (Zuo et al., 1995) , whereas MetAP2 contains polylysine tracts and a region rich in aspartate residues (Wu et al., 1993) . The loss of either MetAP1 or MetAP2 function in yeast leads to a slow growth phenotype, while the disruption of both MetAPs is lethal, suggesting a partial functional redundancy between the two enzymes (Li and Chang, 1995a) .
MetAP2 has an additional function, proposed by Gupta and colleagues, as an inhibitor of eukaryotic initiation factor 2a (eIF2a) phosphorylation (Datta et al., 1988; Wu et al., 1993) . Three classes of eIF2a kinases have been identified (Samuel, 1993; Wek, 1994) , including RNA-dependent protein kinase (PKR), heme-regulated inhibitor (HRI), and yeast GCN2 kinase. All three of these kinases phosphorylate eIF2a at residue Ser51, which results in a reduction in the rate of translation initiation. MetAP2/p67 binds tightly to eIF2a and protects it from phosphorylation by either PKR or HRI (Ray et al., 1992) .
MetAP2 but not MetAP1 activity is specifically inhibited in vitro by both fumagillin and ovalicin, natural substances from fungi that covalently bind to the protein (Griffith et al., 1997; Sin et al., 1997; Liu et al., 1998) . This covalent modification of MetAP2 abolishes its methionine aminopeptidase activity but has no effect on its ability to inhibit the phosphorylation of eIF2a by heme regulated inhibitor kinase (HRI) in vitro (Griffith et al., 1997) . In vertebrates, fumagillin, ovalicin and a synthetic analog AGM-1470 are all potent inhibitors of angiogenesis and affect proliferation of endothelial cells. This occurs by an inhibition of cyclindependent kinases cdc2 and cdk2 and the phosphorylation of the retinoblastoma gene product (Abe et al., 1994) . Since AGM-1470 does not affect cdk activity in vitro, it is likely to exert its effect prior to cdk activation. Given the high specificity of AGM-1470 for MetAP2, these findings suggest that MetAP2 is required for the function of key molecules involved in the cell cycle progression of endothelial and other cell types prior to cdk activation.
Here we identify a Drosophila homolog of MetAP2/p67 (designated DMAP2) and report that mutations which disrupt DMAP2 activity result in specific eye and wing phenotypes in the adult fly and impaired tissue growth. DMAP2 transcripts are concentrated in specific tissues in late embryonic development, most notably in the mesoderm and gut, and are also localized in the larval eye imaginal disc and gut. Our results support the notion that post-transcriptional regulation through MetAP activity may operate on a distinct spatial and temporal subset of mRNAs.
Results
In the course of screening for P element-induced mutations affecting eye development in Drosophila (Gaul et al., 1992) , we identified a semi-lethal insertion at map position 30C6-7 that causes eye and wing vein defects when homozygous. The phenotype is similar to that observed when the P element is placed over a chromosomal deficiency for this region, suggesting that the eye and wing defects are due to a loss of gene function. Crossing this strain to a stable source of transposase enabled us to recover stronger, homozygous lethal alleles as well as wild-type revertants, indicating that the P element insertion is responsible for the observed phenotypes. The majority of excisions we recovered retain some P element sequence (data not shown), however these represent stronger loss-of-function alleles than the original insertion, based on their phenotypes in trans to a chromosomal deficiency for the locus or in heterozygous combinations with other alleles. Using P element-induced male recombination (Preston et al., 1996) , one allele (DMAP2 D34 ) was generated that lacks most of the DMAP2 coding sequence as determined by genomic DNA blotting (data not shown), and is a probable null mutation. We cloned genomic DNA flanking the insertion site by plasmid rescue and isolated candidate transcripts from embryonic and larval cDNA libraries. The P element is inserted in the 5′ untranslated region of a gene encoding a Drosophila homolog of MetAP2/p67, previously cloned from rat, human and yeast (Fig. 1) . In order to prove that disruption of this gene is responsible for the observed phenotypes, we attempted transgenic rescue of the lethality associated with heterozygous allelic combinations. A fragment of genomic DNA containing the MetAP2 homolog but not the adjacent dTAF II 30b and zf30C genes is sufficient for rescue ( Fig. 1) , confirming that disruption of the MetAP2 homolog is responsible for the mutant phenotype.
Flies homozygous for the DMAP2 P allele or transheterozygous for other weak alleles exhibit a roughened eye with a pronounced indentation at the anterior margin (Fig. 2B ). In these partial loss-of-function conditions, the ventral half of the eye is often reduced in size compared to the dorsal half. This loss of ventral tissue is more pronounced in stronger allelic combinations such as DMAP2
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D34 (Fig.  2C) . A second externally visible phenotype of viable DMAP2 mutants is a defect in the L5 wing vein where it contacts the wing margin ( Fig. 2D-E) . In mutant flies, this vein is often branched, with extra vein material, and it occasionally fails to reach the margin.
DMAP2 mutations also perturb the dorsoventral patterning of the photoreceptor clusters, or ommatidia. The wildtype compound eye is bisected by an equator that runs across the dorsoventral (D/V) midline, dividing it into two symmetric fields (Cutforth and Gaul, 1997) . Within each field, the trapezoidal shape formed by the rhabdomeres of the eight photoreceptor neurons is arranged with its long axis (formed by the R1, R2 and R3 rhabdomeres) at the anterior edge and the R1 rhabdomere closest to the equator. In DMAP2 mutant flies, the ommatidia have occasionally reversed polarity along the D/V axis, resulting in a chiral inversion of the trapezoid (Fig. 2F ). In wild-type flies, such defects are very rare, occurring in 0.6% of ommatidia (Choi et al., 1996) . Missing photoreceptor cells are also observed (Fig. 2F ). Since strong allelic combinations are lethal, we analyzed their homozygous phenotype in the eye by constructing genetic mosaics in heterozygous animals. The mutant clones obtained using the null allele DMAP2
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were much smaller than wild-type control clones (data not shown), indicating that DMAP2 may play a role in growth regulation. The fact that mutant clones were recovered indicates that DMAP2 is not required for cell viability per se.
The developmental expression of DMAP2 was examined using RNA in situ hybridization at embryonic and larval stages. In the early cellular blastoderm, DMAP2 transcripts are uniformly distributed (Fig. 3A) . During gastrulation, however, DMAP2 accumulates in the anterior and posterior midgut and the mesoderm (Fig. 3B,C) . Towards the end of gastrulation, DMAP2 expression is concentrated in gut con-strictions (Fig. 3D) . The localization of DMAP2 during embryonic development is strikingly similar, although not identical, to the expression patterns of other genes involved Fig. 1 . Genomic organization and protein sequence of DMAP2. (A) A restriction map is shown for 10.4 kb of genomic DNA at the DMAP2 locus (Genbank accession number AF049912), with restriction sites indicated for the following enzymes: ApaI (Ap), BamHI (B), EcoRI (E), KpnI (K), and XhoI (Xh). The positions of two transcription units isolated from both larval eye/antennal disc and 4-8 h embryonic cDNA libraries and a third transcript identified by genomic DNA sequencing are shown below the genomic DNA. The enhancer trap P element insertion site is shown above the genomic map. The P element is inserted within the 5′ untranslated region of DMAP2, 28 base pairs upstream of the start codon, and 357 base pairs upstream from the start of the longest reported cDNA for dTA-F II 30b (Y. Nakatani, Genbank accession no. U064567). A nearby transcript, depicted as a dashed line to indicate uncertainty concerning its intron/exon structure, encodes a potential transcription factor containing 9-13 zinc fingers, and has been named zf30C (for zinc-finger gene at 30C; Genbank accession number AF035275). A 4.3 kb ApaI-BamHI fragment of genomic DNA, shown below the transcripts, is sufficient to rescue the lethality of transheterozygous DMAP2/DMAP2 allelic combinations. (B) the sequence of the DMAP2 protein is aligned with rat p67 and yeast MetAP2 proteins, with identical residues boxed in black. The numbers refer to amino acid positions in the Drosophila protein. DMAP2 shares 66% amino acid identity with the rat p67 protein (Wu et al., 1993) , and 50% identity with the yeast MetAP2 gene product (Li and Chang, 1995a) . As suggested previously (Arfin et al., 1995; Li and Chang, 1995b) , the published rat p67 sequence likely contains a frameshift error at nucleotide 1475, and the final 15 amino acids in the alignment differ from the published sequence to reflect this. The five residues marked with an asterisk are required for coordination of cobalt ions in bacterial and human methionine aminopeptidases (Bazan et al., 1994; Liu et al., 1998) . in translation initiation that have been identified in Drosophila. For example, the m 7 G cap binding protein eIF4E is highly expressed in the anterior and posterior midgut and the mesoderm at mid-gastrulation, and later accumulates in the constrictions of the gut (Hernandez et al., 1997) . Furthermore, the Drosophila homolog of the GCN2 kinase (DGCN2), which phosphorylates the initiation factor eIF2a, is found at high levels in the anterior and posterior midgut and the mesoderm . During the third larval instar stage, DMAP2 transcripts are found throughout the eye/antennal imaginal disc (Fig. 3E) , with slightly higher levels anterior to the morphogenetic furrow and at the dorsal and ventral margins. High levels of DMAP2 are also seen in cells of the larval gut (Fig. 3F) .
Discussion
We have identified a Drosophila homolog of yeast and mammalian methionine aminopeptidase MetAP2. Methionine aminopeptidases are known to be essential for posttranslational modification in eukaryotes, including the myristoylation of proteins such as Src. Since myristoylation of these proteins is essential for their biological activity, which in turn is required for cell survival, a complete lack of methionine aminopeptidase activity is therefore expected to result in cell lethality.
Flies homozygous for complete loss-of-function mutations in DMAP2 do not survive to adulthood. Strains containing these alleles also yield small mutant clones in genetic mosaics, indicating that complete removal of DMAP2 function only impairs proliferation of cells but does not lead to cell lethality. The survival of DMAP2 null mutant clones therefore argues for the presence of additional methionine aminopeptidases in Drosophila. At least two methionine aminopeptidases are present in other eukaryotes (Li and Chang, 1995a) . In yeast, removal of either gene by itself results in slow growth, a phenotype similar to the one we observe in DMAP2 mutant clones, while only the double mutant is lethal.
Several lines of evidence suggest that DMAP2 may act, at least in part, on a specific class of substrates. Although the two known types of methionine aminopeptidases have only limited substrate specificity in vitro, they contain different non-catalytic domains which may allow them to bind to different proteins. DMAP2 transcripts accumulate in certain tissues during development, suggesting a tissue-specific function for the enzyme. Furthermore, partial reduction in DMAP2 function leads to very specific phenotypes in the eye and wing of surviving adult flies, arguing that the processing of a limited subset of proteins is affected. Cell type and substrate specificity of MetAP2 are also suggested by the effects of the MetAP2-specific inhibitor, fumagillin, which selectively inhibits endothelial cell cycle progression to impede tumor progression.
The mechanism by which DMAP2/p67 might regulate the production of specific proteins is obscured by observations that this protein family has two activities in vitro: (1) removing the N-terminal methionine from newly synthesized peptide strands, an essential modification for many eukaryotic proteins, and (2) protecting initiation factor eIF2a from inhibitory phosphorylation. Our results are compatible with DMAP2 having either or both activities. If the former, we propose that a specific group of proteins requires cleavage of the N-terminal methionine for their activity. The latter possibility is consistent with a subset of mRNAs being most sensitive to reduction in translation initiation efficiency.
In all cases, reduced functional levels of a subset of proteins is the predicted outcome of mutations in DMAP2/p67. The expression of DMAP2 during development supports a model whereby this gene participates in spatial and temporal control of specific mRNA translation. During embryogenesis, for example, DMAP2 transcripts are found at high levels in the mesoderm and the anterior and posterior midgut. This pattern of expression agrees closely with the accumulation of two other regulators of translation initiation in Drosophila: the cap-binding protein eIF4E and the eIF2a kinase DGCN2 (Hernandez et al., 1997; Santoyo et al., 1997) . (Campos-Ortega and Hartenstein, 1985) . Anterior is to the left, and dorsal is up. Expression is uniform in the cellular blastoderm, however by the extended germ band an accumulation of DMAP2 transcripts is evident throughout the mesoderm (arrowhead) and in the anterior (am) and posterior (pm) midgut. High levels in the anterior and posterior midgut are present through stage 13. By stage 16, high levels of DMAP2 can be seen at midgut invaginations (arrowhead). (E,F) in the third instar larva, DMAP2 expression persists. In the eye/antennal imaginal disc (E), expression of DMAP2 is ubiquitous. Anterior is to the left. Slightly higher levels are seen anterior to the morphogenetic furrow (marked with an arrowhead), where proliferative cells have not yet committed to a specific fate, and also at the dorsal and ventral poles of the eye disc. Expression is also high in cells of the larval gut (F).
What proteins or transcripts are likely to be affected? Although we have no direct evidence from our genetic studies in Drosophila, some speculation can be made from the phenotypes of the partial loss-of-function mutants. The most likely candidate that would lead to the asymmetric loss of ventral eye tissue and reversal of ommatidial polarity is a member of the Wnt/wingless family of secreted signaling molecules. Wingless (wg) is expressed at the dorsal and ventral margins of the Drosophila eye imaginal disc, anterior to the front of differentiation. Loss of wg function leads to asymmetric loss of gene expression along the D/V axis, and ectopic expression of wg shifts the D/V axis of the disc ventrally (Heberlein et al., 1998) . Furthermore, the polarity of ommatidia is affected by overexpression of wg, dishevelled, and frizzled proteins in the developing eye disc, all of which are components of the Wnt signaling pathway (Tomlinson et al., 1997) . Further genetic analysis of DMAP2 function in Drosophila should aid in the identification of the relevant targets for MetAP/p672 function.
Materials and methods
Generation of new DMAP2 alleles and tissue preparation
The original semi-lethal DMAP2 P mutation is due to an insertion of the PZ[ry + ] enhancer trap element at chromosome position 30C6-7. A strain of flies bearing this P element, and isogenic for the second chromosome, was crossed to a Sp/Cyo; D2-3, Sb/TM6 strain containing a stable source of transposase. Thirteen independent excision strains were recovered that had lost ry + expression. Of these, four lines are homozygous viable, due to precise excision of the P element, and nine lines are homozygous lethal. An additional mutagenesis experiment employing P elementinduced male recombination with the flanking markers bw and sp (Preston et al., 1996) yielded the DMAP2 D34 allele, which is deficient for most of the DMAP2 coding region by Southern blot analysis (data not shown). For a chromosomal deficiency, we used the Df(2L)30A-C strain, which lacks polytene bands 30A3-6; 30C5 (Drosophila Genome Project, University of California, Berkeley). The DMAP2 gene therefore lies very near or at a breakpoint for this deficiency, since mutant phenotypes associated with partial loss-offunction DMAP2 alleles are not complemented by Df(2L)30A-C. Tissues were prepared for scanning EM analysis and microtome sectioning as described previously (Tomlinson and Ready, 1987; Kimmel et al., 1990) . Wings were removed and mounted in DPX (Fluka).
Identification of the DMAP2 transcription unit
Genomic DNA flanking the P element insertion site was isolated by plasmid rescue. The resulting 8 kb fragment was then used to purify three overlapping Drosophila genomic clones from a cosmid library (Tamkun et al., 1992) . We used approximately 9 kb of genomic DNA that spans the P element insertion site to screen a cDNA library prepared from third larval instar eye/antennal imaginal discs (constructed by A. Cowman). Two classes of cDNA were identified: the DMAP2 gene at a frequency of 1/15 000 and a nearby gene zf30C at a frequency of 1/90 000. Sequence analysis of the intervening genomic DNA between DMAP2 and zf30C revealed the presence of the gene dTA-F II 30b (Yokomori et al., 1993) , for which no cDNA clones were recovered from the imaginal disc library. Since the largest DMAP2 cDNA clones from this library did not contain a complete open reading frame, several additional cDNAs were isolated from a 4-8 h Drosophila embryonic cDNA library (provided by L. Vosshall). Sequence analysis of candidate cDNAs was performed by standard dideoxy methods using both radioactive and fluorescent detection techniques, and assembled using the AutoAssembler and AssemblyLign software programs.
Rescue of the DMAP2 mutant phenotype
A 4.3 kb Bam HI-ApaI fragment of genomic DNA containing the entire DMAP2 transcription unit and a portion of the dTAF II 30b gene was cloned into the pW8 vector (Klemenz et al., 1987) , yielding a rescue construct containing the DMAP2 genomic region and the w + gene as a transformation marker flanked by P element ends. This construct was injected into Drosophila embryos using standard methods, and two insertions on the third chromosome were established for rescue crosses. This transgene was sufficient to rescue the lethal phenotype of DMAP2
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/DMAP2 P heterozygotes.
In situ hybridization with digoxigenin-labelled riboprobes
An EcoRI fragment containing 1.0 kb of the 5′ end of the DMAP2 cDNA was subcloned into pBluescript, and a digoxigenin-labelled antisense RNA probe was synthesized from this template using a nucleotide labeling mixture (Boehringer Mannheim) and RNA polymerase (Promega). Preparation of embryos for whole-mount in situ hybridization was done as previously described (Tautz and Pfeifle, 1989) , and preparation of larvae followed standard procedures.
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